Epithelial cell-cell contacts are mediated by E-cadherin interactions, which are regulated by the balanced local activity of Rho GTPases. Despite the known function of Rho at adherens junctions (AJs), little is known about the spatial control of Rho activity at these sites. Here we provide evidence that in breast epithelial cells the Deleted in Liver Cancer 3 (DLC3) protein localizes to AJs and is essential for E-cadherin function. DLC3 is a still poorly characterized RhoA-specific GTPase-activating protein that is frequently downregulated in various types of cancer. We demonstrate that DLC3 depletion leads to mislocalization of E-cadherin and catenins, which was associated with impaired cell aggregation and increased migration. This is explained by aberrant local Rho signaling because ROCK inhibition restored cell-cell contacts in DLC3 knockdown cells. We thus identify DLC3 as a novel negative regulator of junctional Rho and propose that DLC3 loss contributes to carcinogenesis by compromising epithelial integrity. 
INTRODUCTION
Epithelial tissues are characterized by their polarized morphology, specialized cell-cell contacts and attachment to an underlying basement membrane. Adherens junctions (AJs) are sites of epithelial cell-cell contact that are primarily maintained by E-cadherin, a membrane-spanning protein whose extracellular domains engage in calcium-dependent homotypic interactions between E-cadherin molecules on adjacent cells. The cytoplasmic parts directly interact with b-catenin and p120-catenin that bridge the complex with the actin cytoskeleton. This highly organized molecular network required for an intact epithelial architecture is commonly disrupted during the development of epithelial cancers. 1, 2 Cell adhesion is a dynamic process in which the cadherincatenin complex and the attached cytoskeleton undergo constant remodeling. Rho GTPases (RhoA, Rac and Cdc42) have been shown to participate in these processes, as they are necessary for the formation and maintenance of cadherin-mediated cell-cell contacts, as well as for cytoskeletal reorganization and apicobasolateral polarization. 3, 4 Spatiotemporal analysis with FRET biosensors revealed that RhoA is active during de novo cell adhesion, but activity is restricted to the periphery of contacting cell membranes. 5 At later stages, RhoA is required for the formation of actomyosin filaments, which in turn stabilize cell adhesion and participate in the development of the polarized epithelial phenotype. 3, 4 Rho can regulate AJs in two opposing ways through the effectors Rho-associated protein kinase (ROCK) and Dia1. 6 ROCK is a serine-threonine kinase that phosphorylates and inactivates myosin light chain (MLC) phosphatase, thereby stabilizing phosphorylated active MLC and generating contractile forces that lead to AJ disruption. In addition, ROCK can phosphorylate MLC directly. 7 The formin Dia1 is important for actin polymerization and ensures the maintenance and stabilization of AJs. 6, 8 The downstream pathway engaged appears to depend on the level of active Rho, as low levels favor signaling through Dia1, whereas higher levels are required for efficient ROCK activation. 6 The precise pathway mediating cellcell adhesion may also depend on the cell type, because in mouse keratinocytes and human bronchial epithelial cells the Rho effector protein PRK2 was found to be required for the maturation of apical junctions 9, 10 Rho activity is controlled by GEFs (guanine nucleotide exchange factors), which promote the exchange of GDP for GTP thereby activating Rho proteins, and GAPs (GTPase-activating proteins), which accelerate the intrinsic rate at which Rho hydrolyzes bound GTP to GDP and hence becomes inactivated. 11 Little is known about the molecular mechanisms that ensure spatially restricted Rho activation at AJs. Recently, p114RhoGEF was identified as the first GEF protein responsible for RhoA activation during epithelial junction formation and maturation, 12 whereas GEF-H1 was previously reported to be required for RhoA activation during adhesion disassembly. 13 Thus far, the GAP protein described to be involved in the regulation of junctional RhoA is p190RhoGAP during conditions of Rac activation.
14 By stabilizing the phosphorylated, active form of p190RhoGAP, Rac antagonizes Rho signaling in many cell types. 15, 16 In the context of cell-cell adhesion, Rac activation in fibroblasts was shown to trigger p190RhoGAP membrane translocation to regulate AJs via RhoA inactivation. 14 Three genes of the human genome, DLC1, DLC2 and DLC3 (Deleted in Liver Cancer 3), encode for the DLC subfamily of 1 Institute of Cell Biology and Immunology, University of Stuttgart, Stuttgart, Germany and RhoGAP proteins. 17 DLC proteins are composed of an aminoterminal sterile a motif (SAM), a RhoA-specific GAP domain and a carboxyterminal steroidogenic acute regulatory protein-related lipid transfer (START) domain. SAM domains mediate protein interactions, whereas START domains are lipidbinding modules, whose function in the DLC proteins has not been characterized. The best studied family member DLC1 is frequently deleted in various types of human cancers and a tumor suppressive function has been established in vivo. In a mouse model of hepatocellular carcinoma, DLC1 loss cooperated with c-myc expression in tumor development 18 and re-expression of DLC1 in highly invasive breast cancer cells reduced the frequency of lung metastasis. 19 Although there are reports on GAPindependent functions of DLC1, its tumor suppressive function appears to be primarily mediated by the GAP activity, and is thought to require the interaction with tensin adapter proteins that recruit the protein to focal adhesions. [20] [21] [22] By contrast, the DLC3 protein is still poorly characterized. Here we define for the first time a physiological function for DLC3 in the spatial regulation of Rho signaling at AJs that ensures the maintenance of E-cadherin-based cell-cell contacts.
RESULTS
Ectopically expressed DLC3 localizes to sites of cell-cell contact and impairs breast epithelial cell differentiation Rho GTPases are active at various subcellular sites where they are locally regulated by specific GEFs and GAPs. Analysis of the localization of these regulators may thus provide insight into the nature of the Rho-dependent processes they control. The DLC3 gene located on chromosome Xq13 gives rise to two alternative transcripts, DLC3a and DLC3b, which lacks the aminoterminal SAM. 23 The cellular function of DLC3a/b is largely unknown, partly due to the lack of commercially available antibodies that detect the endogenous protein. Because even low-level transient expression of DLC3 induced severe morphological changes, we generated MCF7 breast carcinoma sublines stably expressing GFPtagged DLC3 to first analyze its subcellular localization. Interestingly, in confluent cell monolayers GFP-DLC3a was found to co-localize with E-cadherin at sites of cell-cell contact ( Figure 1a ). This was independent of the DLC3 GAP activity because an inactivating mutation within the GAP domain (K725E) did not alter the localization (Figure 1a) . GFP-DLC3b also localized to cell-cell contacts, indicating that the SAM domain is not required for targeting to these sites (Supplementary Figure S1) . The GAP activity and specificity of the DLC3 variants was verified using previously described Rho biosensors 24 (Supplementary Figure S2) . Compared with the controls, DLC3a and DLC3b strongly reduced the emission ratio (FRET/CFP) of the RhoA biosensor, whereas DLC3a-K725E and DLC3b-K645E only had minimal effects. DLC3a was reported to also possess modest GAP activity toward Cdc42 in vitro, 25 but we could not detect any GAP activity using the Cdc42 and Rac1 biosensors in our system (Supplementary Figure S2) .
Localization of GFP-DLC3a to cell junctions was further observed in the non-transformed human breast epithelial cell line MCF10A (Figure 1b) . In 3D matrigel cultures, MCF10A cells differentiate to form acini with a polarized outer layer of cells surrounding a hollow lumen. Development of apicobasal polarity and the establishment of cell adhesion are critical for acinar morphogenesis. 26 To investigate the localization and function of DLC3 in 3D cultures, MCF10A sublines were grown in matrigel and analyzed after 6 days when polarization of acini should have occurred. In line with our previous observations, expression of GFP alone had no effect on acini differentiation, 27 whereas cells expressing the wild-type GFP-DLC3a protein grew to form multicellular structures, but failed to give rise to ordered acini ( Figure 1c ). Of note, cells often appeared to detach from the parental spheroid (Figure 1c) . This was dependent on the GAP activity, because MCF10A cells stably expressing DLC3a-K725E developed normally (Figure 1c ). DLC3a-K725E was enriched at lateral membranes and concentrated basolaterally especially at the edges of cell-cell contacts (Figure 1c ). These data indicate that ectopic DLC3 expression interferes with breast epithelial cell polarization in 3D cultures.
DLC3 downregulation impairs recruitment of E-cadherin-catenin complexes to cell-cell contacts To investigate the potential function of DLC3 on junction formation, we downregulated DLC3 in MCF7 cells using two specific siRNAs that target both a-and b-isoforms. Co-transfection of the siRNAs with a GFP-tagged DLC3a expression construct in HEK293T cells (Figure 2a ) and analysis of DLC3 transcript levels upon knockdown in MCF7 cells by semi-quantitative RT-PCR ( Figure 2b ) revealed efficient silencing. MCF7 cells were then transfected with the DLC3-specific siRNAs and an siRNA-targeting b-galactosidase (siLacZ) as a control and stained for E-cadherin 3 days post transfection. DLC3-depleted cells demonstrated poorly defined AJs as judged by E-cadherin staining (Figure 2c ). This was not due to E-cadherin downregulation because protein levels remained unchanged as determined by immunoblotting of whole cell lysates (data not shown). Moreover, recruitment of b-catenin and p120-catenin to sites of cell adhesion was severely disturbed (Figure 2c ). This effect was even more pronounced when cells were replated 2 days post transfection and stained after 24 h, giving cells less time to establish mature AJs (data not shown).
DLC3 is required for adherens junction stability
We next examined the functionality of AJs by performing calcium switch experiments, in which confluent cell monolayers are treated with EGTA to disrupt calcium-dependent E-cadherinbased cell-cell contacts. To this end, control and DLC3-depleted cells were replated at high density and subjected to EGTA treatment the next day. Compared with control cells, DLC3 knockdown cells were more sensitive to calcium depletion as seen by greater retraction of cells ( Figure 3a , 0 min), resulting in the delayed re-establishment of confluent cell monolayers upon EGTA washout ( Figure 3a ). To quantify these effects, we performed online impedance measurements of cells grown on microtiter plates arrayed with electrodes (E-plates) to determine cell contraction in response to calcium depletion. Impedance (cell index) is maximal when plates are covered with a confluent cell monolayer. Indeed, compared with the siLacZ control, cells lacking DLC3 were more sensitive to calcium depletion as seen by a more rapid drop in their cell index (Figure 3b ).
To determine how reduced E-cadherin adhesion affects cellular functions, we cultivated cells in hanging drops, thus preventing cells from adhering to a substrate. Under these conditions, MCF7 cells aggregate, forming large spheroids. Visual inspection did not reveal any overt differences in the kinetics of cell aggregation, and after overnight incubation control and siDLC3 spheroids had a similar appearance. By pipetting spheroids up and down in a defined manner, cell adhesion strength can be examined. Cells lacking DLC3 were less resistant to trituration compared with control cells and disaggregated into small aggregates and single cells more readily (Figure 3c , see Supplementary Figure S3 for additional images). Loss of cell adhesion is often associated with increased motility. Indeed, directed migration assays through Transwell filters revealed that DLC3 downregulation increased cell motility (Figure 3d ). Of note, in wounding assays no increased migration was observed (data not shown), which may be due to the fact that collective migration requires intact cell-cell adhesions. Together these data indicate that DLC3 is required for E-cadherin function and the maintenance of stable epithelial cell-cell adhesions. DLC3 stabilizes epithelial cell-cell contacts G Holeiter et al DLC3 loss disrupts adherens junctions via aberrant Rho-ROCK signaling Cell junctions are tightly associated with the actin cytoskeleton, the appearance of which depends on Rho activity. In the absence of DLC3 the perijunctional actin belt as visualized by phalloidin staining was severely disorganized (Figure 4a ) and the cytoskeletal adapter protein vinculin, which localized to cell-cell adhesions in confluent control cells where it is known to contribute to stabilization of Ajs, 28 displayed increased redistribution to focal adhesions (Figure 4a ). Constitutively active Rho has been reported to destabilize cell junctions through the ROCK signaling pathway.
14 To investigate the role of ROCK in DLC3-depleted cells, we treated cells overnight with the pharmacological ROCK inhibitor Y27632 before analysis by indirect immunofluorescence. ROCK inhibition had little effect on the appearance of b-catenin in siLacZ control cells. However, in DLC3-depleted cells ROCK inhibition restored junctional localization of b-catenin (Figure 4b ). Similar results were obtained for E-cadherin (data not shown). Parallel staining of phosphorylated, active MLC not only revealed that ROCK inhibition was successful, but also showed that DLC3-depleted cells contained regions with elevated pMLC levels, indicative of aberrant local Rho-ROCK signaling (Figure 4b ). Together our results identify DLC3 as a novel component of the E-cadherin regulatory network that is important for maintaining integrity of AJs through negative regulation of the Rho-ROCK signaling pathway.
DISCUSSION
Remodeling of adhesive cell-cell contacts occurs during epithelial morphogenesis, wound repair and cancer invasion, and is regulated by the coordinated activity of Rho GTPases. Disruption of RhoGAP88c, the DLC ortholog in Drosophila, led to abnormalities in various tissues undergoing morphogenetic movements and was associated with disorganized actin filament assembly. RhoGAP88C localizes basolaterally and is therefore thought to restrict Rho activity to the apical surface. 29, 30 The potential contribution of the mammalian DLC proteins to epithelial morphogenesis has not been addressed. Here we show that ectopic expression of DLC3 in MCF10A breast epithelial cells interferes with normal acinar development in 3D cultures, most likely through inhibition of Rho signaling, because expression of a GAP-inactive DLC3 variant did not impair cell differentiation. In addition to GAP activity toward RhoA, DLC3 was reported to display modest activity for Cdc42 in vitro. 25 However, we did not detect any activity changes of a Cdc42 biosensor upon DLC3 overexpression, indicating that in intact cells DLC3 is specific for RhoA. Whether inactivation of RhoA alone is sufficient to induce the severe morphological changes observed remains to be investigated. It is possible that ectopic DLC3 expression also impacts RhoB and/or RhoC because RhoA knockdown in human mammary epithelial cells reduced apical orientation of the Golgi but basolateral distribution of E-cadherin and apicolateral distribution of F-actin were maintained. 31 Vice versa, constitutively active RhoA was shown to disrupt mammary epithelial cell morphogenesis through increased contractility due to aberrant ROCK activation. 32 However, stable downregulation of DLC3 in MCF10A cells did not have an obvious effect on cell differentiation in 3D cultures (data not shown), which may be due to redundant mechanisms that ensure acinus development.
The conserved structural composition of the three mammalian DLC proteins suggests overlapping cellular functions. In vitro, the DLC proteins all display substrate specificity toward RhoA and their ectopic expression in cells has similar consequences, namely the dissolution of stress fibers and focal adhesions. 17, 25 However, although DLC1 ablation in mice is embryonically lethal, 33,34 DLC2-deficient mice are viable and develop normally. 35, 36 In MCF7 cells, which express all DLC isoforms, DLC1 knockdown stimulated directed cell migration through a Dia1-dependent pathway, whereas DLC2 knockdown failed to enhance cell motility. 37 We believe that these differences are due to the distinct subcellular localizations and regulation by different molecular mechanisms and protein partners. For example, in MCF7 cells, DLC1 but not DLC2 localizes to focal adhesions 37 and only DLC1 is regulated by PKD-mediated phosphorylation and 14-3-3 protein binding. 38 Interestingly, ectopic expression of DLC1 in MCF10A cells reduced acini size but did not interfere with cell polarization in 3D cultures, providing further support for isoform-specific functions (our unpublished observations).
In subconfluent MCF7 cells, GFP-tagged DLC3 was also found to localize to focal adhesions (data not shown), which is in agreement with a previous report on DLC3 localization in HeLa cells 25 and the interaction of DLC3a with tensin in coimmunoprecipations. 20 In confluent cell monolayers, DLC3 was redistributed to sites of cell-cell adhesion (Figure 1a,  Supplementary Figure S1 ), whereas in 3D cultures it was enriched at the basolateral membrane especially at the edges of cell contacts (Figure 1c) where thick actin bundles, so-called actin arcs, are known to stabilize mature cell-cell adhesions. 1 Expression of the DLC3 wild-type protein may thus specifically interfere with the establishment of these stabilizing actin structures. It will be of particular interest to define the domains that target DLC3 to AJs and the molecular mechanisms that regulate its junctional recruitment and activation at these sites. As both DLC3a and DLC3b localized to cell-cell contacts, the SAM domain is not involved in junctional localization, nor is GAP activity required. Ectopic expression of E-cadherin in non-small cell lung cancer cell lines reduced RhoA activity, which was partially restored by downregulation of DLC1 or p190RhoGAP. 39 At the plasma membrane, p190RhoGAP associates with p120RasGAP 40 and p120RasGAP was identified to interact with DLC1 via the GAP domain in a yeast two hybrid screen. 41 Due to the high homology of the GAP domain across the DLC protein family, it is possible that DLC3 also complexes with p120RasGAP.
We recently reported that DLC1 GAP activity is stimulated by phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) binding to a conserved polybasic region preceding the GAP domain. 42 This polybasic region is conserved in DLC3, raising the possibility that PI(4,5)P 2 contributes to DLC3 activation at AJs. PI(4,5)P 2 is generated by sequential phosphorylation of phosphatidylinositol by phosphatidylinositol 4-kinase and phosphatidylinositol-4-phosphate 5-kinase. Rac and Rho contribute to the recruitment to and activation of these lipid kinases at the plasma membrane 43 and phosphatidylinositol-4-phosphate 5-kinase has been shown to be activated during cell-cell adhesion to produce PI(4,5)P 2 at sites of cell-cell contact. 44 It is thus intriguing to speculate that Rho terminates its own activation by local generation of PI(4,5)P 2 , which activates DLC3.
In summary, we conclude that DLC3 is required for the formation of stable AJs by spatially balancing Rho-ROCK signaling. Our data are in agreement with the observation that elevated Rho activity impairs E-cadherin function, as DLC3 knockdown increased calcium sensitivity of cells and impaired cell aggregation. ROCK inhibition resulted in a more punctate appearance of cell junctions, in line with reports on the requirement of ROCK and myosin II for E-cadherin accumulation at AJs. 45 Nevertheless, ROCK inhibition restored junctional localization of E-cadherin and b-catenin complexes and epithelial morphology in cells lacking DLC3 (see Figure 4b) . Rho activation associated with carcinogenesis is mainly caused by deregulation of GEFs and GAPs. Of the more than 70 RhoGAP proteins, it is the DLC subfamily that is downregulated in many cancer types. 46 Impaired cell-cell adhesion, cytoplasmic distribution of catenins and enhanced motility are typical features of epithelial mesenchymal transition, a cellular program that is characterized by the loss of epithelial traits and the acquisition of a highly motile mesenchymal phenotype. 47 It is thus tempting to speculate that reduced DLC3 transcript levels 23 compromise epithelial integrity and facilitate epithelial-mesenchymal transition, thereby contributing to tumor progression.
MATERIALS AND METHODS

Antibodies and reagents
Antibodies used were: mouse anti-E-cadherin, anti-b-catenin, and anti-p120-catenin (BD, Heidelberg, Germany), rabbit anti-phospho-MLC and anti-Ecadherin pAbs (Cell Signaling, Danvers, MA, USA), rabbit anti-GFP pAb (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and mouse anti-tubulin mAb (Sigma, St Louis, MO, USA). HRP-labeled secondary anti-mouse and antirabbit IgG antibodies were from GE Healthcare, Piscataway, NJ, USA; Alexa Fluor 488-and Alexa Fluor 546-labeled secondary anti-mouse and anti-rabbit IgG antibodies, and TOPRO3 were from Invitrogen, Karlsruhe, Germany. Y27632 was from Calbiochem, Darmstadt, Germany.
Cloning of DLC3 expression constructs
Cloning of expression vectors encoding DLC3a and DLC3b cDNAs have been described previously. 42 The DLC3b-K645E GAP-inactive mutant was generated by QuikChange site-directed PCR mutagenesis (Stratagene, La Jolla, CA, USA) using pEGFPC1-DLC3b as a template. The forward primer used was: DLC3-K645E-for (5 0 -GTGGCTGACCTGCTAGAGCAGTATTTCCGGGAC-3 0 ). To generate pEGFPC1-DLC3a-K725E, pEGFPC1-DLC3a was digested with HindIII and BpiI and the fragment corresponding to the DLC3a 5' region was ligated with pEGFPC1-DLC3b-K645E digested with HindIII and BpiI. All amplified cDNAs were verified by sequencing. Full-length DLC3a and DLC3b were subcloned from the pEGFP-C1 vectors by EcoRI restriction into the pmCherry-C1 vector. Retroviral expression vectors were generated by digestion of pEGFPC1-DLC3a and pEGFPC1-DLC3a-K725E with NheI, followed by fill-in with Klenow polymerase and digestion with SalI. These expression cassettes were ligated with the pBABE-Puro vector digested with SnaBI and SalI. Oligonucleotides were purchased from MWG Biotech, Ebersberg, Germany.
Cell culture, transfection and generation of stable cell lines MCF7 and HEK293T cells were cultured in RPMI 1640 (Invitrogen), and Plat-E cells in DMEM medium (Invitrogen) supplemented with 10% FCS (PAA) and incubated in a humidified atmosphere of 5% CO 2 at 37 1C. MCF10A cells stably expressing the ecotropic receptor (MCF10A-ecoR 27 ), a kind gift of Drs Danielle Carroll and Joan Brugge, were cultivated in DMEM/F12 medium (Invitrogen) supplemented with 5% horse serum (Invitrogen), 20 ng/ml EGF (R&D), 10 mg/ml insulin (Sigma), 0.5 mg/ml hydrocortisone (Sigma), 100 ng/ml cholera toxin (Sigma), 50 U/ml penicillin and 50 mg/ml streptomycin (Invitrogen). HEK293T and Plat-E cells were transfected with TransIT (Mirus) according to manufacturer's instructions. Stable MCF7 sublines cells were generated by nucleofection (program X005, Kit V) with pEGFPC1-DLC3 expression vectors followed by selection with 1 mg/ml G418 (Calbiochem). Stable MCF10A sublines were generated by retroviral transduction using supernatants from Plat-E cells transfected with pBABEPuro DLC3 expression vectors. Supernatants were harvested after 48 h and filtered (0.45 mm). The supernatants were mixed at a 1:1 ratio with MCF10A growth medium, polybrene (Sigma) was added to a final concentration of 8 mg/ml and added to the cells. After 48 h, cells were selected with 1.5 mg/ml puromycin (Sigma) for two weeks, followed by FACS sorting of GFP-positive cells. Stable expression of the GFP-tagged DLC3 proteins in the MCF7 and MCF10A sublines was verified by FACS analysis and immunoblotting. For MCF10A 3D cultures, 4-well culture slides (BD) were coated with 80 ml matrigel (BD) and left to solidy at 37 1C for 15 min. In total, 4000 cells in 800 ml assay medium (DMEM/F12 with 2% horse serum, 10 mg/ml insulin, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin, 5 ng/ml EGF, 50 U/ml penicillin and 50 mg/ml streptomycin) supplemented with 2% matrigel were seeded in each chamber and cells were refed twice a week. For RNA interference, cells were transfected with siRNA using Oligofectamine (Invitrogen) according to manufacturer's instructions. The siRNAs used were: 5 0 -UAGCCACAGUUGAGGUCAAdTdT-3 0 (siDLC3-I), 5 0 -UC UCUGAGGCGGAAGGAAAdTdT-3 0 (siDLC3-II), and 5 0 -GCGGCUGCCGGAAUU UACCdTdT-3 0 (siLacZ). All siRNAs were obtained from MWG Biotech.
Semi-quantitative RT-PCR
RNA was extracted using a PureLink Total RNA purification kit (Invitrogen) and reverse transcribed using the First Strand cDNA Synthesis Kit with random hexamer primers (Fermentas, St Leon-Rot, Germany Immunofluorescence microscopy Cells grown on glass coverslips coated with 25 mg/ml collagen (Serva) were fixed with 4% PFA for 10 min, permeabilized with PBS containing 0.1% Triton X-100 for 5 min and blocked with 5% goat serum (Invitrogen) in PBS containing 0.1% Tween-20. Cells were then incubated with primary antibodies in blocking buffer, washed with PBS containing 0.1% Tween-20 and incubated with secondary antibody in blocking buffer. MCF10A 3D cultures were fixed in 2% PFA for 20 min and permeabilized with 0.5% Triton X-100 in PBS for 15 min at 4 1C. After blocking with 10% goat serum and 0.2% Triton X-100 in PBS, cells were immunostained with primary antibodies diluted in blocking buffer overnight at 4 1C. Samples were washed with 0.2% Triton X-100 in PBS and incubated with secondary antibodies in blocking buffer at RT. Nuclei were counterstained with TOPRO-3 and slides were mounted in Fluoromount-G. All samples were analyzed on a confocal laser scanning microscope (Zeiss LSM 700) using 488, 561 and 633 nm excitation with the oil objective lenses EC PlanNeofluar 40 Â /1.30 DIC M27 and Plan-Apochromat 63 Â /1.40 DIC M27. Images were processed with the ZEN software.
Calcium switch assays
Cells were harvested 2 days post transfection and replated at high density into 6-well dishes and 96-well E-plates (Roche, Mannheim, Germany), respectively. The next day, confluent cell monolayers were washed with HBSS (Invitrogen) and treated with 4 mM EGTA in HBSS for 10-15 min at 37 1C. Cells were again washed with HBSS, incubated with fresh medium for the indicated times, then fixed with 2% PFA containing 0.05% crystal violet and photographed (Leitz DM IRB). For quantitative analyses, the impedance of cells seeded into 96-well E-plates was measured using an xCELLigence device (Roche).
Cell disaggregation and migration assays
Cells were resuspended at a concentration of 1 Â 10 6 cells/ml. 35 ml drops were pipetted into the lid of a cell culture dish and turned upside down. Cells were allowed to aggregate overnight and aggregates were photographed at a 10-fold magnification after pipetting up and down (15 Â with a 20 ml pipette) (Leitz DM IRB). Cell migration assays were performed as described previously. 37 
Rho GTPase biosensor assays
Biosensor assays were performed as described previously. 37 In brief, HEK293T cells were transfected with either Raichu-RhoA, -Rac1 or -Cdc42 biosensor plasmids together with empty vector or expression vectors encoding different mCherry-DLC3 variants. The next day, cell lysates were prepared and emission ratios (FRET/CFP) were determined by measuring CFP and YFP fluorescence after background subtraction at 475 and 530 nm, respectively, using a Tecan Infinite 200M plate reader (excitation, 433 nm). Expression levels of the biosensor were monitored by measuring YFP fluorescence (excitation, 480 nm) and those of the DLC3 variants by measuring mCherry fluorescence (excitation, 575 nm and emission, 615 nm).
